Czechoslovak Mathematical Journal

Adolf Karger
Kinematic geometry of regular motions in homogeneous space

Czechoslovak Mathematical Journal, Vol. 28 (1978), No. 2, 327-338

Persistent URL: http://dml.cz/dmlcz/101535

Terms of use:

© Institute of Mathematics AS CR, 1978

Institute of Mathematics of the Czech Academy of Sciences provides access to digitized documents
strictly for personal use. Each copy of any part of this document must contain these Terms of use.

This document has been digitized, optimized for electronic delivery and
O stamped with digital signature within the project DML-CZ: The Czech Digital
Mathematics Library http://dml.cz



http://dml.cz/dmlcz/101535
http://dml.cz

Czechoslovak Mathematical Journal, 28 (103) 1978, Praha

KINEMATIC GEOMETRY OF REGULAR MOTIONS
IN HOMOGENEOUS SPACE

ApoLr KARGER, Kuwait

(Received November 24, 1976)

1. INTRODUCTION

The present paper is devoted to the study of one-parametric motions in a homo-
geneous space G/H. The class of all Lie groups G in consideration is given by explicit
conditions and includes all real semisimple Lie groups. It contains also some non-
semisimple Lie groups, which are of interest in kinematic geometry (for example
the Lie groups of all euclidean or affine transformations of n-dimensional affine
space).

In part two we show that the problem of finding all invariants of a motion is equi-
valent to the problem of finding all invariants of a curve in a certain homogeneous
space — we get a generalisation of centroids and axoids known in classical kinematics.
Third part gives explicit formulas for compact and complex semisimple Lie groups.
The case of euclidean motion in E, was treated by the author in [5].

The last part is a realisation of the described method for unitary motions. The
unitary group has been chosen because it has not been treated yet and so it can
demonstrate, that our method can be used without knowing the classical results. The
paper was partially written during my stay at the University of Kuwait.

2. MOTION IN A HOMOGENEOUS SPACE

Let G/H be a homogeneous space with elements represented as left cosets yH
for y e G. A one-parametric motion in G/H is an immersion i of an open interval I
of the real line in the group G. The curve i(I) yH in G[H is called the trajectory of the
point yH € G/H . Kinematic geometry studies the system of trajectories of all points
of G/H regardless of the parametrization of the curve i(I). We shall write g(t) for i(I)
without paying special attention to parameter changes of the curve i(I) because we
usually can choose a canonical parameter for it. Let further @ resp. Q be the left
resp. right canonical form on G. This by definition means that @(X) = L;-:X resp.
QX) = Ri-:XforXe T,(G). Lresp. R is the left resp. right translation in the group G.

Let now g, g, be fixed elements in G. Then the motion g, ¢(f) g5 * has the same
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trajectories as g(f) has because g; 9(t) gz '(vH) = g, g(1) (97 'vH) and so the dif-
ference is only up to transformations from G. From this we can see that to find
invariants of motion in G/H means to solve the equivalence problem for a curve in G
with respect to the group G x G acting on G by the rule (g,, gz) g = g,99," for
any g4, g,, g € G. The isotropy group of eis the diagonal G’ of G x G, consisting of
elements of the form (g, g) for all g € G. We then regard G as the homogeneous space
G x G|G'. Elements of G x G[G’ are of the form (g,, g,) G', the multiplication is
defined by the direct product structure and we write it in the form (g, g,) (93, 94) =
= (9.193, 9294) for any g,, g5, 93, 9a € G. If (g, h, g,h) € (g,, 9,) G, then the element
9192 " = (g1h) (9,h)"* does not depend on the choice of h and so we can identify
(91, 9,) G’ with the element g,9; ' € G.

Let g x g be the Lie algebra of G x G. Vectors of the form (X, X)eg x g
form the Lie algebra of G’ and the subspace m of g x g formed by elements of the
form (X, —X) is invariant by the groupad G". So G x G/G’ has the natural structure
of a reductive homogeneous space, we write g x g = ¢ + m. We can further
identify m with g if we let (X, —X) e m coincide with X € g.

Finally we write R(f) = Q(g'(¢)) resp. R(t) = Q(g'(1)) for the moving resp. fixed
directing cone of the motion g(t). g'(f) denotes the tangent vector i;(2/dt) of ¢(t) at
the point g(7).

Let us suppose from now on that g has commutative Cartan subalgebras, fix one
of them and denote it h’. So [h’, '] = 0 and N(h') = h’ where N means the nor-
malizer. An element X of g will be called regular if dim Z(X) = dim h’, here Z means
the centralizer of X in g. We shall call a motion regular (with respect to h’) if R(t)
is in the orbit of A’ under ad G and consists of regular elements only. (If R(r) is regular
and in the orbit of k' under ad G, so is R(t) because R(f) = ad ¢(t) R(1).)

Let a regular motion g(7) be given and let (g,(1), g,(t)) be its arbitrary lift into
G x G. Then g,(t) g5 '(t) = g(t). For the canonical (left invariant) form (w;, ®,)
on the lift (g, g,) € G x G we have

(1) w, =g;'dg,. w,=g;"dg,.

The form (w,, ,) can be written as a sum of two forms

(@1, @) ___(w, + wz’ o +w2)+<w, — wz’ w, — w1>

2 2 2 2

with the second part of the sum in m. From the definition of the lift (g,, 92) we get
the following formula

®) Rdt =ad g,(w; — w,), Rdt=adg,(w, —o,).

So w; — w, is a regular element in the orbit of h".

If we choose another lift of g(t), say (917, g,7), we get for the m component
@, — @, of the canonical form for the new lift &, — @&, = ad y~*(w, — ®,). So
we can choose such a lift (g, g,) of g(t), that 0, — w, € .
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We denote now by # the normalizer of h' in G and by Z(X) the centralizer of X € h’
in G. (So # ={geGladh’ =1}, Z(X)={geG|adgX = X}). From our
assumptions we see that # and Q"(wl - wz) have the same Lie algebra, because
N{i')y =l < Z(w, — »,) and w, — w, is regular. This means that we have got
tangent lift for g(t) and invariants of the first order. We shall suppose now that we
have a lift (g,(), g,(t)) of g() such that @, — w, € k' for it. This lift depends on the
group . So we can consider the homogeneous space G/%’ and we get two curves
in it, ng, and ng,, where = is the natural projection from G to G/ . The curve ng,
is called the moving centroid (or poloid) of the motion, ng, is called the fixed
centroid (or poloid) of the motion g(z). If we denote by /1,(1) resp. h,(t) the isotropy
algebra of ng,(1) resp. g (1) in G/#, we get the following

Theorem 1. Denote p, = ng,, p; = ng,. Then

(3) g(1) pa(t) = ps(1), R(t)ehy(r), R(t)eh,(t), adg(r)hy(t) = hy(t).

Let us further suppose that ## acting as a transformation group on k' has a funda-
mental domain for all regular elements (see [7]) and that the isotropy group of all
elements w, — w, € h is the same, denote it by #, (all regular elements in h’ have the
same isotropy algebra h'). In this case we can suppose, that @; — w, is in the
fundamental domain and the lift (gl, g,) is then given up to elements in # .

Let now e, f, be a base for g such that elements e; form a base for A’. Then we
can write

(4) w1=wiei+rﬁfa’ wzzwéei—'_rl;faa i=1>-";n, ot=1,...,m,

where 0, — 0, = (0] — co'z) e; + (11 — n3) J,. so for lifts of the first order we have
i = 13.

The remaining isotropy group is now the diagonal of #, x 4, a subgroup
of G'. So the mam components for (wl, w,) are 7 = 73 and o} — w}, secondary
components are @) + o5 (in the sense of Cartan’s moving frame). From this we see,
that to find Frenet’s lift for the motion we must find the canonical form of the
element Y = y1f, € g/h’. This means, that in order to find invariants of the second
order of a motion it is enough to find invariants of the first order of a curve in
a homogeneous space G/.?f‘l, 1nvar1ants of the moving and fixed centroid.

If we denote by v = w! — ), the invariants of the first order of the motion, we get
formulas connecting invariants of motion with invariants of poloids by formulas

() n =15, o'=o0] - o).

Choosing now a suitable canonical parameter # for the motion and the canonical
parameter s for poloids p,(s), pi(s), we can write explicit formulas connecting all
invariants.
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For illustration consider a special case of a one-parametric group g(f) = exp tX
as a motion. If X is regular, we can suppose that X € h’. Taking now an arbitrary lift
of g(t), we see, that g(r) has only invariants of the first order v and the rest is zero or is
not defined (there is no canonical lift in general). This leads to the definition of the in-
stantaneous motion of the given motion g(t) at the point t,, it is the motion y(u) =
= exp u R(t,) . g(t,). Directing cones of the instantaneous motion y(u) are R(to)
and R(t,) respectively and its invariants are numbers v'(t,). Trajectories of the in-
stantaneous motion are integral curves of the field of tangent vectors of trajectories
of points in any homogeneous space G/K and v(t,) characterize this field. This gives
the geometric interpretation of invariants v'.

A motion is called harmonic (according to J. TOLKE, see [1]), if invariants v are
constant during the whole motion. It means geometrically that all instantaneous
motions of the given motion are equivalent.

The special case of cyclic motion is also interesting. A motion g(¢) is called cyclic,
if it is product of two one-parametric groups, so g(t) = exp (tX) exp (—tY) for
some X, Y€ g in this case. We see easily, that (exp tX, exp tY) is a lift of this cyclic
motion and its canonical form is (@, wz) = (X dt, Ydt). So we have

Theorem 2. Invariants of a cyclic motion are constant.

We can also prove the converse, but in the general case only.

Theorem 3. Let numbers x., x5, v = y% be given in such a way, that the vector
Yif. € g/h’ is in the fundamental form. Then there is exactly one (up to the equi-
valence) motion with these numbers as invariants and this motion is cyclic.

Proof. Let us write X = xie; + yif, Y = x5e; + y3f,. Then (0, 0,) =
= (X dt, Ydt) is the canonical form for (exp tX, exp tY). Then (exp tX, exp tY) is
a lift for a cyclic motion g(f) = exp tX . exp (—tY) and the motion g(r) has the given
numbers as invariants because yif, is of the fundamental form. The uniqueness is
easy.

For illustration let us consider now the motion in the homogeneous space G/.;f,
where J# is the normalizer of h’. For any regular motion ¢(t) in G we have two
poloids p,(t) and p,(f) in G/#. Their properties are characterized as follows.

Theorem 4. p,(t,) is the only stationary point at the instant t,.

Proof. The tangent vector of the trajectory of any point ¢ is given by the Killing
vector field defined by R(f). Formula (3) now means that the corresponding vector
of the right invariant vector field on G defined by R is vertical at g,(t) and so its
projection is zero.

Conversely, if the projection is zero at some point y# for some y € G, then R e
€ ad yh,. This means that ad yh, = ad g,h; and so ad (y " 'g,) hy = hy, 77 'g;, €
e = A(hy) and 7y = ng,.
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Theorem 5. The moving centroid p, is rolling on the fixed centroid during the
motion. This means that g*(t) p5(t) = pi(t) and the invariants of the first order
are the same.

Proof. We have g(ng,) = ng,, g = g,95' and so g* = gi(g>')*. Further
g*(p3) = 9*(ng,) = g*(ng’) = 71%(g9*g5) = n*(g1(92 1)* 95) = n*(giw,) =
= 1%(gi(w, + h)) = n*glo; + n*gih = n*g*o, + gin*h = n*g) = (ng,) = pi

for some h € hy. The rest is obvious from the definition of w,, w,.

Theorem 6. Let us be given two curves pz(t), pl(t) in homogeneous space G/.%”
with t a canonical parameter. Let p,, p, have the same invariants of the first order
with w, — w, regular. Then there is exactly one regular motion (up to equi-
ualence) having p, and p, as its poloids.

Proof. Let o, = wie; + nif,, ®, = whe; + n3f, Then there are curves g,(t),
g,(t) such that (w,, w,) is the canonical form of the curve (g,(t), g,()) in G x G.
g.97 " is the required motion. The rest is obvious.

Theorem 7. Poloids of a regular cyclic motion are trajectories of one-para-
metric motions.

Proof. Let g(t) = exp tX exp (—tY). Then (exp tX, exp tY) is a lift of g(). We
can suppose that X — Ye h; and then (exp tX, exp tY) is a first order lift of g(r)
and so poloids are p, = mexp tX, p, = mexp tY and those are trajectories of one
parametric motions.

3. INVARIANTS OF A CURVE IN G/#

Let g be a semisimple Lie algebra over C. Let usdenote by G the real Lie group of all
inner automorphisms of g, # be the normalizer in G of a fixed Cartan subalgebra .
Let further a curve x(f) in the homogeneous space G/# be given and let g(f) be its
arbitrary lift. Denote by (t) the values of the canonical form on the given lift, let X(t)
be the projection of w(t)in g/h. To find invariants of x(f) means to find the canonical
form of X(t) with respect to #. From this we see, that g can be supposed to be
simple. Let us now fix a Weyl base E, in g/h) and an ordered system of simple roots
7 = {ay,...,,} in . Denote —n = {—ay, ..., —a,}. From [8] we know that the
group #[Exp ad § is isomorphic to the Weyl group W of g.

Definition 1. Let us denote by 9 the automorphism of g given by relations 9(E,) =
=E_,, %(h) = —h for heb. g will be called of the first type if 3 is inner and of
the second type if 3 is an outer automorphism.
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From [4] we know that 9 is outer iff g = A, for n 22, g = Dy, forn =1
or g = Eq.

The set exp ad . {1, 3} is a group, as we see from the formula 3 exp ad h3™' =
= expad(—h)for heb.

So let us denote V = expadly. {1, 9} n Int g.

Lemma 1. V is an invariant subgroup of #.

Proof. Let Ae #,expad h.c€ V,whereeislor 3. Then(Aexpad h.eA™ ") e =
= exp ad h’ for some h' €, as (Aexpad h . ¢eA™") & induces the identical transfor-
mation in 1. So we have Aexpad h.eA™! =expad I’ . s.

Let now a vector X = x,E, in g/ be given. Let us define the numbers ¢, = x,x_,.
Then £, = ¢_, and we have the following lemma:

Lemma 2. The numbers &, do not depend on the group V.

Proof. Let AeV. Then AE, = v,E,,, AE_, = v_,Es,, vov_, =1 and X =
= AX = Y x,AE, = Y x,V,Es, = X:,E+, We get X, = x1,vs, and &, = £,5_, =
= XpViaX7V50 = o

Let us suppose from now on that X satisfies the following condition: if @ + +p,
then Ifal + |€,,}]. As we have chosen an ordered system 7 of simple roots, we have
~ determined one Cartan matrix of g — the Cartan matrix A;; = 2(o;;a;) (or50) ™"
of n. With every sequence of n roots we can associate its Cartan matrix. Let us
denote by IT the set of all sequences of nroots having the same Cartan matrix, as 7 has.
To every ¢ = {B,,..., B} €Il we now get a sequence ¢(&) = {|¢;|, ..., ||}
of n real numbers. We have also (—¢) (&) = ¢@(¢). The system IT, > I, ... > II,
of subsets of IT will be defined as follows: Put IT, = II. Let us suppose, that we have
already defined II, and consider the number #,,; = max Ié,,,m , Where ¢ =

T

= {B,, ..., B,}. Then we define IT,,, = {yell, | Ié
= {YI’ AR yu}'

@elly
Vi + 1 =rlk+l}s Where ‘//=

Lemma 3. 1, contains only two elements, ¢, and —¢,.

Proof. Sets [T, are nonempty for k = 1, ..., n. If we have ¢ = {f,, ..., B,} € IT;
and Y = {y,, ...,y }ell, we get y; = B, for i =1,...,k If now p e IT,,, and
Y €I;yy, then y, = By or 3, = —f,. From y, = B we get y,,; = B4y, because
the Dynkin diagram of a simple Lie algebra is connected and so (Y, 7¢+;) < 0 and
(Bis Bi+1) < 0. The case y, = —p, is similar. The converse is easy because ¢ € IT,,
implies —¢@ € I1,.

Using the construction mentioned above we get two systems of simple roots,
say ¢ and —¢ from I1. As we know that there exists an inner automorphism mapping
@ onto m or —m, we are led to the following definition:
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Definition 2. Let the notation be as above and let X € g/h. We say that X is in
the fundamental form, if it satisfies the following condition:

Let (01, -y %, Brs 1o -- s Bu) T€SP.(—ty, ...r =%, Brs1s - > B,) be a system of simple
roots, where a,, ..., € w and By = sy Then [E,] > |&g,].

The automorphism A which maps ¢ on © or —n maps the vector X on the vector
A(X) in the fundamental form. If 4 € # and X is in the fundamental form, then A(X)
is in the fundamental form if and only if A € V.

Lemma 4. Let X € gfh, g + D,. Then there exists only one Ae #[V such that
A(X) is in the fundamental form.

Proof. If g is of the second type, then ¥ = exp ad ) and #[V is isomorphic to W.
Let m = (ay, ..., a,) be fixed and let ¢ = (By, ..., f,) € II,. As the Cartan matrices
of ¢ and & are the same, there exists an automorphism u € # resp. y € # such
that u(¢) = 7 or y(¢) = —n (it means that u(f;) = a; or y(B;) = —a; fori = 1,...,n).
As y = Spexp ad h for some h €l), we see, that exactly one of the automorphisms u
and y is inner. (We know, that the group Aut g/Int g is trivial or Z, except for D,.)
If all automorphisms of g are inner, the lemma is obvious. In the case of Dy, k = 3
we shall take the group Aut g instead of Int g for the group G, 5 is in this case the
normalizer of ) in Aut g and the lemma is again true. For D, the conclusion of
lemma 4 is not valid. In the following we shall take Aut g for G in case of Dy, k = 3,
case D, will be left out.

Let now X e g/bin the fundamental form be given with X = x,E,. Let A€ V. Then 4
leaves invariant every subspace U, = CE, + CE_, and the matrix of the restriction

of A to U, is of the form
¢y O ) 0, ¢
0, ;') " \est 0

¢, 0
0, ¢ "
for the 2. type.

The automorphism A4 € V' is uniquely determined, if we give the numbers c,,
where o; e, ¢,, ¥ 0 for the 2. type resp. c,,, &, where a;em, c,, # 0, e = +1 for
the 1. type, i = 1, ..., n. Let us write X = A(X), X = %,E,.

a) For the 2. type: We get %, = ¢, %_, = ¢; 'x_,. Let us choose ¢, =
= +(x_,x; )% Then X, = (x_,%5 )" Xy = (Xgxog)? = (X, x11) Xy, =
=% ,.1f %,,=%_, and x,, = x_,, then %,(%_,)7 ! = Zx,(x_,) !, ¢z, =1,

i (51
¢,, = *1. This suggests the following

for the 1. type and

Definition 3. Let w be a complex number. We shall say that w > 0 iff Rew > 0
or Rew =0 and Imw > 0.
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We can see easily, that w # 0 and w 3 0 implies —w > 0. With definition 3 in
mind we see, that the numbers c,, can be chosen in such a way, that x,, = x_,, > 0.
b) For the 1. type: The consideration is the same as in a) only we get the group
{1, 8} as a rest. We can choose é € {1, 8} s0, that x,,1,, — X_4, -4, > 0. This can be
done, as a, + a, is a root (if the rank of g is at least 2) and X, 44, F X a0 (in
general). -

Let us choose now the arc s of the curve x(f) in such a way that X satisfies the
relation Y, |&,| = 1. o
ael

Theorem 8. Let x(t) be a curve in G|# such that its arbitrary lift satisfies |&,| +
+ lél,i for a % £ P at t =0. Then there exists a parameter s (s(0) = 0), an interval
I = (—¢, ¢) and a lift g(s) of x(s) such that for X = x,(s) E, and s € I we have

a) X(0) is in the fundamental form,
b) x,, =%x_,,>0 for i=1,...,n,
o) Y|&| =1,

d) Xy, 44, — X—g,—as > O (for the 1. type).

Definition 4. Let us write for the lift g(s) from theorem 8:

. d
gt

n
—g = ZxaEzz + Z,yinzi .
ds i=1

Then the functions x,(s), y,(s) are called the invariants of the curve x(t).

Theorem 9. Let xa(s), yi(s) be complex functions of a real parameter s, let I be
an interval. Let us suppose, hat the following are satisfied:

€) x,(s), y.(s) are defined on I,
i) lﬁ,ii = X,,.X_q, £ 0 on I,
iii) conditions a)—d) from theorem 8.

Then there exists only one (up to transformations from G) curve x(s) in G|#
defined on I such that x,(s) and y (s) are its invariants.

Remark. If we consider G/.?f as a complex manifold with a curve as a function
of a complex parameter on it, we may proceed analogously, only the arc must be
defined in another way. We can choose it so, that (}'¢,)!/* = 1 for example. Then
we get similar two theorems as above.

Now we shall give the parallel theory for a compact real semisimple Lie algebra.
Let the notation be the same as above. Then the vectors \/(—1) H,,, E, + E_,,
\/(— 1)(E, — E_ ) generate over R a real compact form g, of g. Every automorphism
of g, can be uniquely extended to an automorphism of g, which leaves g, invariant.
Groups Aut g, and Int g, can be then considered as subgroups of Aut g and Int g
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respectively. Let now J# be the normalizer of \/(—1) h, where h = ) RH,,. Then
# [Exp ad (/(—1) h) is isomorphic to the Weyl group W of g. The automorphism 9,
also leaves g, invariant, as is seen from its definition. So we can suppose that we have
a simple compact real Lie algebra g, situated in its complexification as described above.
Let us identity every automorphism of g, with its complexification and let A be an
automorphism of g, leaving invariant \/(—1)h. Then A(E,) = a,E,q) Where
a,a_, =1and |a,| = 1 (see [6]). From this we see, that everything is similar to the
complex case and the result is as follows:

Theorem 10. Let x() be a curve in G|#, where G = Int g, and # is the same as
above. Let us have |&,| + 'C,,l for a = +B at t =0 for an arbitrary lift of x(t).
Then the conclusion of theorem 8 is valid and x, = X_, for all a € X.

Proof. The proof is similar to that of theorem 8, only now

Cy

= land X, = x_,.

Theorem 11. Let 2% be the set of all positive roots. Let real functions .'xa(s), ya(s),
z,(s) on I be given, where o.€ X*, a;en. Let us suppose that X =Y [(x,(s) +

aeX
+ J(=1) yAs) Ex + (xs) = V(=1) yAs)) E-,] and &, =&_, = x2 + y? satisfy
conditions a)—d) from theorem 8. Then there exists only one curve x(s) in G|#
such that x,, y,, z,, are its invariants.

4. SU(n+ 1) AS AN EXAMPLE

Let us consider the group G = SU(n + 1)/Z, where Z is the center of SU(n + 1).
Zisthe group of (n + 1)st roots from one. Gis a simple compact Lie group of type <7,,,
it is isomorphic with the group of allinner automorphisms of a simple real compact
Lie algebra of the type A,. This algebra can be realized as the algebra of all skew-
hermitian matrices with trace zero, its complexification is the algebra of all complex

matrices of type (n + 1) x (n + 1) with trace zero — let us denote it 4,. Let us denote
n+1

by E,; the matrix with entries a,; = 9,0, Vectors E;mod ) E;; form a base
i=1

of a Cartan subalgebra of A,, say h. Matrices E;; for i < j and —E; for i > j form

a Weyl base of 4,/h up to a constant factor. As usual write 4, for \/(—1) E;;. Roots

of A, are then 4; — A;. X € 4, iff X;; + x;; = 0, Y x;; = 0. For 7 we usually choose

the system 7 = {4, — 4,,..., 4, — A,4,}. Denote further by # the normalizer

of (/(=1)hin G.

Let now X = (x;;) be a matrix from 4,/\/(—1) h, where x;; = y;; + /(=1) z;;,
x;;= —X;;, X;;=0. Following theorem 10 we define the matrix ¢;; = y,?j + zfj
fori # jand &; = 0. Then &;; is a symmetrical matrix. Let us suppose that &;; + &
for {i,j} # {k, m}. With the use of the algorithm described above we now choose
a system of simple roots. At the first step let &; ;, = max &;;. Then we get two roots,
Ay, — 2;, and 4;, — 4;,, and any of them can be the first in the needed system. At the
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second step let us take the maximum of all &;,;, and &, where i, # iy, i. We get
either &,,; or &, ;. In the first case we take the roots 4; — Aip Ay — Ay at the first
two places of our system, in the second case we take A;, — 4;,, 4;, — A;. Then we
take the maximum of ¢, ; , where i, & i, i,, get the third root and so on. At the n-th
step we get two systems of simple roots, say +{A; — A, ..., 4, — 4;,,,} and there
is only one element of the Weyl group, which maps one of these systems on 7 (we
take them as ordered). We then see, that X is in the fundamental form if for &;; =
= x} + zfj the following is true:

&2 >¢&; where 1,2=1,j,
&y > &y where a=1,2, k>3,
$23 > &3

Erprr > 8y k>1+1, I=1,..,n.

For the matrix ® = (x;;), where x;; = y;; + \/(—1) z;;, of invariants of a curve
in G/# we have:

(6) X = now s the fundamental form, x;;,, = —Xx;4;; >0
is real, w is skew-hermitian, Z x;;j - X;; = Land Tr o = 0. Specially for n = 2 we get
i*j
\/(_1):11’ }')2’ }’13‘*‘\//(“—1)213
O =1V \/("1) 222 Va3 s
— Y3t \/‘/("1) Z13 — Y23 \/(_1) Z33

where yi, > y3y > yis + 215 vi2 >0, a3 > 0, y1o 4 35 + iz + 215 =27,
i+ 2y + 23, = 0.

Let now F"*! be a unitary vector space of dimension n + 1 with a unitary scalar
product (x, y) and a determinant function ]xl, e x,,“]. By a frame & =
= {xy,..., x,,,} we shall mean an orthonormal and unimodular base ((x;, x;) =0,
B X,+1| = 1). If we fix a frame then SU(n + 1) acts naturally on ¥"*1. Elements
of SU(n + 1) can be identified with frames in ¥"*'. Further consider the unitary
sphere S2"*1 jn J"*! given by the equation (x, x) = 1. Then the group Z of (n + 1)st
roots of one acts naturally on S***! and we can form the quotient manifold
S?"*1]Z = M. The group SU(n + 1)|Z = G acts then transitively on M.

Let us suppose that a unitary motion g(¢) is given. We consider it as the motion of
V"1 or of S2"*1, The fixed centroid consists of a system of n + 1 mutually ortho-
gonal directions in ¥"*! or of n + 1 mutually orthogonal great circles in S2"*1,
These systems are determined by the eigenvectors of the fixed directing cone R.
The situation for the moving centroid is similar. If we denote the Frenet frame of the
fixed centroid by # = {U,,...,U,,,}, we have the fixed centroid {4,U,, ...

oy dms1Uni ) where 2,€ Cin V"' or 4; = e/ "P% Yo, =0 in S*"*!. Denote
now by w, = my; dt, w, = n;;dt the invariants of the motion g(z) with ¢ the canonical
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parameter (defined by the condition that R is a unit vector with respect to the Killing
form on g). Similarly as in (6) nw,; = 1w, is in the fundamental form, x;;+{ =

= —X;4;,; > 0 is real, o, and w, are skew-hermitian and Trw, = Tr o, = 0.
n+1

The only difference is, that now ) (m; — n;)* = —1. Numbers v; = m; — n;;
i=1

are eigenvalues of the directing cone R.
Let s be the common arc for the fixed and the moving centroid. Then we have

ds

m —
dt

ij = Xij

and so
n+1

dt , N
s = \'"[*.Z (xi — )],
S i=1

where x;; resp. X;; are invariants of the fixed resp. the moving centroid. Similarly
we get

n+1 _ dS
\/( > ’”ij’”ij) = .
iij*=j1 dt

The Frenet formulas for the fixed centroid can now be written in the form
U;=x;U;, ,j=1,...,n+ 1, where the matrix x;; satisfies (6) .

Let us find out, how the Frenet’s frame is defined. Let the fixed centroid be given

by vectors X, ..., X, ., where X, ..., X, ; are given as eigenvectors of the fixed
directing cone R.
For Frenet’s frame # = {U,, ..., U,,,} we have

n+1
X, =Ue’"V% with Y, =0
i=1
as we can suppose |X,-| =1, |X1, ...,X,,H[ = 1. After differentiation and scalar
multiplication we get

(X’iinH) = .Vi,i+1eJ(-1)(¢i_(pi+l) with  x;; = y; + \/(“‘1) Zij -
n+1
This gives (together with ) ¢, = 0) n + 1 linear equations of rank n + 1 for un-
i=0

known ¢; and this defines Frenet’s frame uniquely. The other invariants can be
now expressed using derivatives of Frenet’s frame and scalar multiplication.
In the end we shall illustrate the difference by the nature of problems in the 3-
dimensional kinematic geometry and in that of n dimensions. Consider the unitary
motion as a motion in S?"*1  The fixed axoid consists then of n + 1 mutually
orthogonal ruled surfaces (in spherical space). Let us find out what is the connection
between the invariants of the fixed axoidand the invariants of the mentioned ruled
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surfaces. Let x be a unit vector in V"+1 Then all points in S2"*! of the form y =
= ¢/ D% determine a direct line in the spherical space S2"*! (it is a great circle
of the sphere). The homogeneous space of all direct lines of the described form is the
space SU(n + 1)[U(n). Using the method of specialisation of the frames we get Frenet’s
formulas for such a ruled surface in the form

Vi= —Ma-1Vie1 + V(=) Vi + Mer1 1Virs

with the arc determined by #,; and with ;0 = #,4, ,4+1 = 0, 1;; real.
Let the ruled surface be given by a vector X with (X, X) = 1. Then X = V,e¥" V.
Taking the derivative n-times and using Frenet’s formulas, we get

V(-1
det |X, X', ..., X®| = &* W A PTI r’n“i‘l,'llVl’ e Vn+1|

and so

e("+1)‘/(_“¢7]21 e r’n+],n = det |X’X" LR X(")

This determines V;. From
Vi= \//(_1) N, Vi +V,

we get ds/dt for the arc s and the rest follows if we use the orthogonalisation process
and Frenet’s formulas.

From this consideration we see that Frenet’s frame of the ruled surface of our
type is of the (n + 1)st order, but Frenet’s frame for the axoid is of the second
order in coefficients of the matrix of the motion. This implies that the connection
between them becomes very complicated for n general, we can get reasonable for-
mulas only in cases of low dimensions or for the invariants of low order.
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